Myostatin (MSTN) negatively regulates skeletal myogenesis in which microRNAs (miRNAs) also play critical roles. Using miRNA microarrays of skeletal muscle from MSTN-knockout (MSTN −/− ) mice, we recently showed that miR-431 is regulated by MSTN signaling. To identify additional miRNAs regulated by MSTN, we re-analyzed these miRNA arrays and validated their expression by quantitative RT-PCR. Herein, we demonstrated that miR-30e was significantly upregulated in skeletal muscle of MSTN −/− mice compared with that of the wild-type littermates. Importantly, the predicted targets of miR-30e are functionally involved in myocyte differentiation and fiber-type formation. Using luciferase reporter gene assays, we further showed that peroxisome proliferator-activated receptor gamma, coactivator 1 alpha (Pgc1α), is a direct target of miR-30e. Overexpression of miR30e in C2C12 cells significantly decreased Pgc1α and increased type II form of myosin heavy chain gene expression, suggesting that miR-30e functionally associates with glycolytic myofiber formation. Thus, our data indicate that the altered fiber-type composition in MSTN −/− mice are attributable in part to deregulated expression of miR-30e.
Introduction
Myostatin (MSTN), a member of the transforming growth factor-β (TGF-β) superfamily, is secreted by skeletal muscle and functions as a negative regulator of myogenesis [1] . MSTN-null (MSTN −/− ) mice exhibit marked increases in skeletal muscle mass, reflecting both hyperplasia and hypertrophy [1] . This suggests a regulatory role of MSTN in muscle cell differentiation during embryonic myogenesis as well as muscle metabolism during postnatal muscle growth. Recent studies have demonstrated that MSTN also plays pivotal roles in regulating muscle metabolism and whole-body metabolic homeostasis [2] [3] [4] [5] [6] . Consistent with its function in regulating metabolism, MSTN appears to control muscle fiber-type composition. In MSTN −/− mice and in cattle lacking functional MSTN, there is an increase in the number of fast glycolytic fibers [7, 8] . Hennebry et al. [9] suggested that MSTN could be responsible for the observed fiber-type diversity by regulating the expression of both MyoD (myogenic differentiation 1) and MEF2C (myocyte enhancer factor 2 C) genes. However, the molecular mechanisms underlying MSTN regulation of muscle cell differentiation and fiber-type composition are still incompletely understood.
MicroRNA (miRNA), a class of~22-nucleotide-long noncoding RNAs, has been implicated in muscle development and metabolism through post-transcriptional regulation of various targets. In particular, previous studies have demonstrated the regulatory roles of the muscle-specific miRNAs, miR-1, miR-133, and miR-206 in modulating muscle cell differentiation [10, 11] . miR-29 promotes muscle cell differentiation by targeting myogenic repressor YY1 [12] . Moreover, we recently reported that miR-431 is predominantly expressed in myogenic lineage cells and regulates satellite cell heterogeneity; it also accelerates muscle regeneration in miR-431 transgenic mice by promoting satellite cell differentiation [13] . The miRNAs, miR-499 and miR-208b, control muscle fiber-type specification and link muscle development and energy metabolism [14] [15] [16] [17] . Zhang et al. [16] recently reported that miR-133a is enriched in fast-twitch muscle and functionally regulates slow-to-fast muscle fiber-type conversion by targeting TEA domain family member 1 (TEAD1), a key regulator of slow-muscle gene expression. Consistent with this, miR-133a-deficient mice exhibit impaired exercise tolerance, mitochondrial biogenesis, and muscle fiber maintenance in response to exercise training [17] . Given the critical roles of miRNAs in regulating myogenesis and fiber-type formation, understanding the transcriptional regulation of miRNA genes is very important for elucidating the molecular mechanisms underlying their functions.
Using miRNA microarrays of skeletal muscle from MSTN −/− mice, we previously reported that miR-431 is regulated by MSTN [18] . To identify additional miRNAs potentially regulated by MSTN, we reanalyzed the same set of microarray data, identifying miR-30e as a negative regulatory target of MSTN. Significantly, we found that targets of miR-30e were closely related to myogenic differentiation and fiber-type formation. Our analysis suggests the functional relevance of the newly identified MSTN-miR-30e axis in regulating skeletal myogenesis in mice.
Materials and Methods

Ethic statement
All animal experimental procedures were approved by the Animal Ethics Committee of Peking Union Medical College (Beijing, China). Mice were housed in the animal facility and had free access to water and standard rodent chow.
miRNA microarray data in MSTN −/− mice
The miRNA microarray data are described in our previously published work [18] . In the current study, we further analyzed the same set of miRNA microarray data to identify additional miRNAs regulated by MSTN. The expression profiles of miRNAs in skeletal muscle (Gastrocnemius) of MSTN −/− and wild-type (WT) littermates at different developmental stages (4 weeks: adolescence; 10 and 16 weeks: young adult; 41 weeks: ageing) were analyzed in detail. All miRNA annotations on the array were updated based on miRBase V21. The differentially expressed miRNAs were analyzed using significance analysis of microarrays [19] . Cutoffs were set to a P-value ≤ 0.05 and fold-change ≥ 1.5.
Validation of differentially expressed miRNAs
Total RNA from skeletal muscle (Gastrocnemius) of MSTN −/− and WT littermates at different developmental stages (4, 10, 16 , and 41 weeks) was extracted with the TRIzol reagent (Invitrogen, Carlsbad, USA). Expression of mature miRNAs was determined using a miRNA-specific TaqMan microRNA assay kit (Applied Biosystems, Foster City, USA). U6 was used as an internal control for data normalization.
Target prediction
Targets were predicted using TargetScan 7.1 [20] . Datasheets for all predicted targets were downloaded, and then genes that are functionally related to the cell cycle, cellular differentiation, muscle fiber-type formation, and/or muscular metabolism were manually selected.
Validated target collection from miRTarBase
To further provide experimental support for targets predicted by TargetScan and to identify additional targets that might not have been included in the TargetScan datasheet, we collected all validated miR-30 targets from miRTarBase, a collection of experimentally validated miRNA targets [21] . miR-30 targets that are functionally related to the cell cycle, cellular differentiation, muscle fiber-type formation, and/or muscular metabolism were then manually selected.
C2C12 culture and treatments
C2C12 cells were cultured in growth medium (GM) consisting of Dulbecco's Modified Eagle Medium (DMEM; Gibco, Gaithersburg, USA) supplemented with 4.5 g/l glucose, 10% fetal bovine serum, 1% Penicillin/Streptomycin at 37°C in a 5% CO 2 atmosphere. At 70%-80% confluence, cells were switched to differentiation medium (DM) (DMEM with 2% horse serum) and were transfected with miR-30e mimics (100 nM) and scramble RNA as negative control (NC) (RIBOBIO, Guangzhou, China) using Lipofectamin 2000 (Invitrogen). The transfected cells were further cultured in DM for 48 h and then used for gene expression analysis. For treatment with recombinant MSTN (rMSTN), proliferating C2C12 cells with 70%-80% confluence were switched to DM containing 1 µg/ml of rMSTN. Phosphate buffer saline (PBS) was used as NC. After 24 h of treatment, the cells were lysed for gene expression analysis. rMSTN was purified as described previously [22] .
Luciferase reporter assay
There are three putative binding sites (B1, B2, and B3) of miR-30e-5p at the 3′-UTR of mouse Pgc1α predicted by Targetscan. To confirm that Pgc1α is the direct target of miR-3e, the three fragments at Table 1 . Primers used in the study
Gene name Primers
3′-UTRs of mouse Pgc1α containing B1, B2, or B3 and the mutant versions (mB1, mB2, or mB3) were amplified by PCR, respectively, and cloned into the downstream of the luciferase gene in the pGL3-Control vector, resulting in pGL3-B1, pGL3-B2, pGL3-B3, pGL3-mB1, pGL3-mB2, and pGL3-mB3 constructs. HEK-293 cells were cotransfected with miR-30e mimics and the plasmid of pGL3-B1, pGL3-B2, pGL3-B3, or its mutant version, respectively. Empty pGL3-Control vector was a NC. A Renilla luciferase plasmid was cotransfected with a firefly luciferase construct as a transfection control. The results are expressed as firefly luciferase activity relative to Renilla luciferase activity.
To test the promoter activity, a 1-kb upstream region of the miR30e gene was retrieved from the University of California Santa Cruz genome browser. The 1-kb proximal promoter sequence (30e-1k) was then cloned into the pGL3 basic vector carrying the firefly luciferase gene, yielding the pGL3-30e-1k construct, which was subsequently used to perform promoter-luciferase reporter assays. Briefly, C2C12 cells were transfected with pGL3-30e-1k in GM or DM, respectively. Empty pGL-3 vector was used as a NC. Cells were cotransfected with Renilla luciferase plasmid, which served as a transfection control. 
Statistical analysis
Values are presented as the means ± SEM. The statistical significance of the difference between two groups was calculated with Student's t-test. Two-way ANOVA was used for comparison of data from more than two groups. P < 0.05 was considered statistically significant. (Fig. 1B) , suggesting that miR-208 and miR-499 make little or no contribution to the fiber-type composition observed in MSTN −/− muscle.
It was further found that miR-30e-5p was significantly differentially expressed in skeletal muscle between MSTN −/− and WT littermates (Fig. 1C) . The expression pattern of miR-30e-5p was further validated by qRT-PCR (Fig. 1D) . miR-30e-5p was consistently expressed at higher levels in skeletal muscle from MSTN −/− mice than in muscle from WT mice across all examined developmental stages (Fig. 1D) . miR-30e belongs to the miR-30 family which consists of 5 homologous members. To further examine whether MSTN specifically regulates miR-30e expression in muscle cells, the C2C12 cells were treated with recombinant myostatin protein (rMSTN) and the expression levels of miR-30 members were determined by qRT-PCR. It was found that only miR-30e was significantly downregulated by rMSTN (Fig. 1E) . Consistent with the observation, there was no overt difference in expression levels of other members of miR-30 family between WT and MSTN −/− (Fig. 1F) . Together, miR-30e is negatively regulated by mice, we next identified predicted targets of miR-30e using the TargetScan program [20] , and manually collected genes related to muscle cell differentiation and fiber-type formation. As shown in Table 2 and Fig. 2A , the putative targets of miR-30e predicted by TargetScan included cyclins and cyclin-dependent kinases, which are required for cell cycle withdrawal prior to myogenic differentiation. In addition, a subset of targets implicated in Ras/MAPK, delta/Notch and TGF-β/ Smads signaling, three well-documented inhibitory pathways for muscle cell differentiation, were also identified ( Table 2 and Fig. 2A ).
To provide further experimental evidence for miRNA-target relationships, we collected experimentally validated targets of miR-30e using information from miRTarBase [21] with the following criteria: (i) targets with evidence based on luciferase reporter assays, RT-PCR and western blot analysis; and (ii) targets functionally related to the cell cycle, muscle cell differentiation, and metabolism. As shown in Table 3 , validated targets included those implicated in cell cycle regulation (cyclins and CDKs), inhibition of myogenic differentiation (TGF-β and Notch signaling), and other inhibitors of differentiation (HDACs and YY1). Thus, the target analysis suggests that upregulation of miR-30e might contribute to muscle hyperplasia in MSTN −/− mice by promoting myogenic differentiation during development. Next, we further examined the correlation between miR-30e expression and its putative targets in skeletal muscle of MSTN −/− mice. In particular, peroxisome proliferator-activated receptor gamma, coactivator 1 alpha (Ppargc1a, also known Pgc1α), was selected for further analysis because Pgc1α is known to play important roles in regulating slow fiber-type formation [23] . Pgc1α contains three putative miR-30e-binding sites (B1, B2, and B3) in its 3′-untranslated region (3′-UTR) (Fig. 2B) . As shown in Fig. 2C , Pgc1α expression levels were significantly reduced in skeletal muscle of MSTN −/− mice compared with that of WT littermates. To directly validate Pgc1α as a target of miR-30e, we generated luciferase reporter constructs containing sequence of the Pgc1α 3′-UTR encompassing miR-30e binding sites (pGL3-B1, pGL3-B2, and pGL3-B3), respectively. The luciferase activities were significantly decreased in HEK-293 cells cotransfected with miR-30e mimics and the plasmid containing B1 or B2 sequence (pGL3-B1 and pGL3-B2) (Fig. 2D) , however, the mutant version of Pgc1α3′-UTR did not alter luciferase activity any more (Fig. 2D) , suggesting that miR-30e directly targets Pgc1α. Our data suggest that interactions of miR-30e with its targets might contribute to muscle cell differentiation and fiber-type alterations in MSTN −/− mice.
Overexpression of miR-30e in C2C12 cells increases glycolytic myotube formation
Next, we sought to determine whether upregulation of miR-30e in MSTN −/− mice functionally associates the phenotype of enriched glycolytic (type IIb form) myofibers in MSTN −/− muscles. Given the functional roles of Pgc1α gene in regulating oxidative myofiber specification during development, we reasoned that miR-30e might regulate glycolytic myofiber specification by inhibiting oxidative myofiber formation via targeting Pgc1α. To test this, the expression of miR30e during myogenic cell (C2C12 cell line) differentiation was first examined. As shown in Fig. 3A , expression of miR-30e was Figure 2 . miR-30e target genes encode proteins involved in muscle cell differentiation and fiber-type formation (A) Putative targets of miR-30e were predicted by TargetScan and manually annotated to the indicated pathways. The full names of all target genes are shown in Table 1 ; (B) Putative binding sites of miR-30e at the 3′-UTR of Ppargc1a (Pgc1α) mRNA predicted by TargetScan 7.1; (C) Expression levels of Pgc1α in skeletal muscle of MSTN −/− and WT littermates at the indicated developmental stages, in weeks (W), were determined by qRT-PCR. Gapdh served as internal control for equal loading. The data were further normalized to the expression level of 4 W-WT, defined as 1. Values are the means ± SEM from three individuals for each genotype; (D) Target validation by luciferase reporter assay. HEK-293 cells were cotransfected with miR-30e and plasmid containing partial sequence of Pgc1α 3′-UTR (pGL3-B1, pGL3-B2, pGL3-B3, pGL3-mB1, pGL3-mB2, and pGL3-mB3), respectively. Empty pGL-3 control vector was a NC. A Renilla luciferase plasmid was cotransfected with a firefly luciferase construct as a transfection control. Results were expressed relative to the activity of pGL3 vector controls, defined as 1. Values are the means ± SEM of three independent measurements (*P < 0.05, 2-way ANOVA).
upregulated during C2C12 cell differentiation. The promoter activity of miR-30e was remarkably increased in response to differentiation cues (Fig. 3B) . Consistent with the expression pattern of miR-30e, myostatin expression was significantly downregulated during C2C12 cell differentiation (Fig. 3C) , suggesting that myostatin-regulated miR30e is involved C2C12 cell differentiation. Indeed, overexpression of miR-30e (Fig. 3D ) enhanced C2C12 cell differentiation as evidenced by increased expression of the differentiation marker myosin heavy chain (MyHC) (Fig. 3E) . Next, we further examined fiber-type formation during the differentiation of miR-30e-overexpressing C2C12 cells. As expected, the mRNA level of Pgc1α was significantly reduced in response to the overexpression of miR-30e in C2C12 cells (Fig. 3F) . Consequently, the expression of type I form of myosin heavy chain gene (MyHC-I) was significantly decreased in C2C12 cells with overexpression of miR-30e (Fig. 3G) . Whereas overexpression of miR-30e increased the expression of type IIa (Fig. 3H) , IIx (Fig. 3I) , and IIb ( Fig. 3J) forms of myosin heavy chain gene (MyHC-IIa, MyHC-IIx, MyHC-IIb). These data suggest that myostatin-regulated miR-30e functionally associates with glycolytic myofiber formation during C2C12 cell differentiation via targeting Pgc1α.
Discussion MSTN −/− mice exhibit remarkable muscle hyperplasia and increased glycolytic type IIB myofibers [1, 7, 9] . miRNAs have been implicated in muscle cell differentiation and fiber-type specification [10, [14] [15] [16] [17] . subunit alpha (Ppp3ca) and beta (Ppp3cb), and regulatory subunit B alpha (Ppp3r1), in podocytes [29] . Significantly, miR-30 has been reported to regulate fiber-type specification in zebrafish by targeting 'smoothened' [30] . Inhibition of the miR-30 family increases the activity of the sonic hedgehog (Shh) pathway, resulting in increased numbers of superficial slow-muscle fibers [30] , suggesting that miR-30 functions in regulating the correct specification and differentiation of distinct muscle cell types during development. In addition to the calcineurin/NFAT/MEF2 pathway, our analysis also demonstrated that Pgc1α, an important regulator for slow-twitch fiber specification and mitochondrial energy metabolism [23] , is a direct target of miR-30e. Overexpression of miR-30e in C2C12 cells decreased Pgc1α expression and increased glycolytic myotube formation, indicating that the deregulated expression of miR-30e might contribute in part to the altered fiber-type composition in MSTN −/− mice.
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